Abstract-Projections of electric power production suggest a major shift to renewables, such as wind and solar, which will be in remote locations where massive quantities of power are available. One solution for transmitting this power over long distances to load centers is direct current (dc), high temperature superconducting (HTS) cables. Electric transmission via dc cables promises to be effective because of the low-loss, high-current-carrying capability of HTS wire at cryogenic temperatures. However, the thermal management system for the cable must be carefully designed to achieve reliable and energy-efficient operation. Here we extend the analysis of a super-conducting dc cable concept proposed by the Electric Power Research Institute (EPRI), which has one stream of liquid nitrogen flowing in a cryogenic enclosure that includes the power cable, and a separate return tube for the nitrogen. Refrigeration stations positioned every 10 to 20 km cool both nitrogen streams. Both go and return lines are contained in a single vacuum/cryogenic envelope. Other coolants, including gaseous helium and gaseous hydrogen, could provide potential advantages, though they bring some technical challenges to the operation of long-length HTS dc cable systems. A discussion of the heat produced in superconducting cables and a system to remove the heat are discussed. Also, an analysis of the use of various cryogenic fluids in long-distance HTS power cables is presented.
I. INTRODUCTION
T HE electric power grid is a continuously evolving machine with increasing power capacity and complex interconnections. As energy becomes more expensive and as environmental demands become more important, several new technologies are being considered for improving the efficiency and robustness of the power grid. One candidate in the mix under consideration for the future grid is a high temperature superconducting (HTS) dc cable. The Electric Power Research Institute (EPRI) recently completed a 4-year design study [1] for a cable that can carry 10 GW over distances measured in thousands of kilometers. The effort described here is an extension of the analysis of the cryogenic system developed in that study. Several studies of high-power superconducting cables preceded the EPRI program. Of note:
In 1967, Garwin and Mattisoo suggested that superconductors would allow the transfer of massive amounts of power from hydroelectric installations in northern Canada to loads in the south of Canada and the United States [2] .
In 1971, Bartlit, Edeskuty, and Hammel of Los Alamos Scientific Laboratory (LASL) proposed a power transmission that combined electricity via a superconducting cable and the transport of a fuel such as hydrogen or liquefied natural gas at cryogenic temperatures. The latter also provided cooling for the superconductor [3] .
Two significant early programs on superconducting power cables were funded by the Atomic Energy Commission, which evolved into today's DOE. One was at Brookhaven National Laboratory on ac cables [4] and the other at LASL (now Los Alamos National Laboratory) on dc cables [5] .
More recently, in a 1998 EPRI study, Schoenung and Hassenzahl [6] developed the concept of a superconducting dc cable that had a point-to-point power delivery capability of 5 GW over a distance of 1000 miles.
Then, in 2002, Starr and Grant of EPRI advanced the SuperGrid concept [7] , which integrated and extended some of the earlier concepts with the goal of providing a highly interconnected power grid with a backbone of superconducting cables. It included the transport of hydrogen, for a future "hydrogen economy".
The design goal of the recent EPRI effort [1] was a cable system based on presently available engineering capabilities. An artist's concept of the cable is shown in Fig. 1 . The cable cooling design was based on the use of liquid nitrogen as a coolant. That choice was appropriate at the time because liquid nitrogen is the coolant for all installed ac superconducting cables and it was clear that, if not the optimum material, it would meet the design requirements. Helium, hydrogen, and neon gases, and liquid oxygen, have properties in the 60 to 70 K temperature range that would allow them to be considered as alternative coolants. Because of its reactive nature, we have decided not to explore the use of liquid oxygen and, because of cost and limited availability, neon does not appear to be an ideal material. Thus, here we explore the relative merits of liquid nitrogen, gaseous helium, and gaseous hydrogen as coolants for the dc cable.
II. BASELINE CASE FOR CABLE COOLING
The thermal management concept for a typical section of the dc HTS cable system is illustrated in Fig. 2 at the right, where it is repressurized and recooled before proceeding on to the next section. The return stream enters from the right and passes through the cryostat, where it is then repressurized and recooled before proceeding to the next section. Because each section can be considered independently, the flow into and out of the section can be ignored, and the closed system defined by the two dotted lines can be considered for all cryogenic calculations. The go stream refrigeration load, , is the sum of heat generation inside the cable, , the go stream cryostat heat load, , and the go stream pump work, . The return stream refrigeration, , is the sum of the return stream cryostat heat load, , and pump work . Table I lists the cable system design parameters (taken from [1] ) that are used in the analysis of the baseline case, which is assumed to be in level terrain.
The complete analysis requires estimation of the heat loads from the various components. The sources of heat and their magnitudes have been described in some detail in [1] , [8] . The go pipe and return pipe receive radiant energy from the large cryostat at 0.15 W/m and 0.5 W/m respectively.
Steady state heat generation in the dc HTS cable may come from several sources including resistive losses in the electrical joints, hysteresis losses in the superconductor due to current variations, and eddy current heating in the quench-stabilizing copper and the metal sheath. A total of 0.5 W/m is estimated as the electrical heat generation from all sources in the cable. Thus, for a 20-km section, the total heat load, , is 23 kW. Table II contains some properties for the coolants at the assumed supply conditions. Liquid nitrogen is most often used as a coolant in HTS cable systems and is seen to have the highest density but the lowest specific heat. Hydrogen gas is the opposite with the lowest density and highest specific heat. Because, gaseous helium and hydrogen have higher specific heats than liquid nitrogen lower mass flow rates can absorb similar amounts of heat. As a result, the mass flow for the gases was arbitrarily reduced by a factor of ten compared to that of liquid nitrogen for the baseline cases. For helium, it was also necessary to lower the temperature leaving the heat exchanger to 60 K to assure an upper temperature of 69 K. In addition, a maximum cable pressure of 31 bar absolute has been imposed to limit pipe wall thickness, which affects the cost per unit length of the cable system. The dielectric constant for the three fluids is given in the table as well.
III. COUNTERFLOW COOLING CONSIDERATIONS
A typical counterflow cooling configuration has the go and return streams contained within the same cryostat. In existing ac superconducting cables, this is accomplished by flowing the go stream through the former or flow channel in the center of the cable, and returning the coolant over the outside of the cable in the annular space between the cable and the inner wall of the vacuum cryostat. Because the two streams are in close thermal contact, a significant amount of heat can be trans-ferred between them. In the counterflow configuration, there is a maximum temperature along the length of the cable rather than at the end [9]- [13] , which becomes a limiting factor in cable length.
In the present design, the cable is cooled by the go stream, and the coolant returns in a separate pipe. Both pipes are contained in the same large vacuum cryostat as shown in Fig. 1 . Mechanical supports are needed to hold the cable and return pipes in place. However, the heat transfer between the two pipes is inherently small compared to existing HTS ac cables. A thermal conductance per unit length between the go and return streams of 0.1 W/K/m has been estimated for this design.
IV. BASELINE CONFIGURATION RESULTS
The analysis was conducted using a simplified approach which assumes a one-dimensional (1-D) model for each of the fluid flow streams. Details regarding this approach have been discussed in several [1] , [10] - [13] .
Calculated temperature distributions along the go and return streams of the dc cable are shown for the baseline case in Fig. 3 for all three coolants. The largest temperature difference between the go and return streams is in the helium case. Because of the heat transfer between streams, there is a local temperature maximum near, but not at the end of each helium stream. For liquid nitrogen, the GO stream temperature is slightly higher than the return stream because of the higher heat load. The return stream has a higher pressure drop, as shown in Fig. 4 , which tends to increases its temperature. Liquid nitrogen shows the highest pressure drop, with helium having the least. The magnitude of the pressure drop is sufficient that expansion effects of the fluid influence the temperature profile. This can be shown by comparing the heat capacity at constant pressure, , to an effective heat capacity quantity calculated by dividing the heat load by the mass flow and temperature rise across the go stream as given in Table II . If there were no pressure drop in the coolant stream, the heat absorbed could be calculated simply by (1) . Since the effective heat capacity is slightly less than the for liquid nitrogen and helium, the temperature rise is slightly higher than would be calculated were the pressure constant. For hydrogen, the expansion actually provides a significant increase in the effective heat capacity for the calculated pressure drop, which results in lower temperatures.
(1)
V. REFRIGERATION ISSUES AND FLUID PUMPS
Pumping losses are significant for long cables when large pressure drops are present. The pump work for each of the flow streams is obtained by evaluating the integral along a constant entropy path, given in (2) . In this equation is the pump work, is the pressure, is the fluid density which is a function of temperature and pressure, and is the mass flow of coolant. The pump work calculated in this paper assumes there is no heat transfer to the pump, and does not account for the inefficiencies of the process or motor.
(2)
Since the pump work, , is inversely proportional to the coolant density, liquid nitrogen requires the least work, and hydrogen the greatest work. Fig. 5 shows the effect of mass flow on pump power and the maximum temperature in the cable. Fig. 5 suggests that the maximum temperatures could be reduced by increasing mass flow. However, the maximum pressure of the system would increase, requiring thicker vessel walls. A trade-off study is needed to determine if the lower operating temperature, and hence the higher critical current of the cable, offsets the cost of thicker walled vessels. 
VI. TERRAIN FOLLOWING IMPLICATIONS ON COOLANT
The baseline length between refrigerators was chosen to be 20 km. To the extent possible, it is desirable to maintain a relatively constant separation along the cable so as to use many identical refrigerators. There will be locations along the cable where the altitude of the cable may change by more than 1000 m over 20 km. The pressure head for liquid nitrogen for such an altitude change is approximately 85 bars, which would require a thicker walled pipe for both go and return streams and for some of the cryogenic components.
The effects of elevation change for a cable cooled with liquid nitrogen were discussed in [1] . Fig. 6 shows the pressure and temperature for various coolants leaving the dc HTS cable at the end of the go stream. The calculated results were obtained assuming a constant slope along its entire length. For liquid nitrogen, there is a significant variation of both pressure and temperature.. For an elevation change of 200 meters below or above the horizontal, the pressure is seen to vary from 40 bar to 5 bar. This gives rise to concerns regarding the pressure containment design for the declining elevation cases where higher than the baseline pressure exists. For the increasing elevation cases, where the pressure tends to be lower, dielectric design issues and less thermal margin from two-phase flow conditions exist in liquid nitrogen. In addition, for liquid nitrogen the pressure drop going to higher elevations results in a temperature increase that directly impacts the current carrying capacity of the cable as the critical current degrades with increased temperature.
Pressure and temperature variations with elevation changes are small for the gaseous helium and hydrogen. Note that the mass flow rate for these fluids is identical, but helium is supplied at a lower temperature. The combined effects of the higher specific heat and a Joule-Thompson expansion temperature drop produces lower cable exit temperatures for hydrogen. One conclusion is that for cable runs that are in relatively flat terrain, liquid nitrogen can be a very suitable coolant. For installations where there are significant elevation changes, a gaseous coolant is more appropriate.
One advantage of the EPRI design [1] is that the basic structure of the 20-km length of cable does not depend on the type of coolant in a section. The different coolants affect cooling system design, including the heat exchanger that removes heat from the different coolant streams and the type of pump or compressor used to circulate the coolant. For helium which is at a lower temperature, there is an increase of about 12 percent in the input power to the refrigerator required to cool the helium to that lower temperature.
VII. CONCLUSIONS AND COMMENTS
An analysis of a 20-km long section of a dc HTS cable design has been conducted that provides valuable understanding of the operation of long length HTS cable systems. Several trade-off studies are required to optimize the system for the most energy efficient design that meets the thermal management requirements. It was shown that liquid nitrogen as a coolant will have substantial pressure variations for elevation changes greater than tens of meters. In these situations gaseous helium or hydrogen are better suited. Hydrogen offers an additional advantage that it has an increase in the heat capacity as the pressure decreases resulting in lower temperatures in the cable. In addition, in the event of a release of coolant, helium and hydrogen have the advantage that their expansion is much less than for liquid nitrogen. This reduces requirements on pressure relief valves, personnel access, and other safety issues. The electric utilities use hydrogen extensively in large generators and, as a result, are familiar with its flammability and use proper caution where it is used.
